Introduction
Phase change memory (PCM) is one of the candidates in order to overcome the limit of shrinking. It is based on a chalcogenide material, called Ge 2 Sb 2 Te 5 (GST), which has a low resistivity in the crystalline state and a high resistivity in the amorphous state uniquely (1) . To use these electrical characteristics of PCM, a current pulse is widely used to generate Joule heating for changing the phase. Thus, the smaller contact size of the GST and heater interface is preferred for local Joule heating. Keyhole and µ-trench structure are representative with the small contact size using a trench, which is processed by keyhole or lithography technique. However, during the fabrication process, these two methods can introduce unavoidable variability during etching, and the trench is always tilted (2) . Although the tilted angle changes the dimension of the top aperture of the trench only, it affects electrical characteristics of the PCM. In this paper, we build a trench structure model with tilted angle using technology computer-aided design (TCAD) simulation (3) . Finally we analyze electrical properties in PCM by modeling and propose the optimal angle for multi-bit operation.
Modeling Scheme
We set up the PCM structure with a tilted angle of a trench as shown in Figure 1 . For top and bottom electrodes, TiN is used and SiN plays a role of passivation. Finally, crystalline GST is inserted between metal electrodes, where L is 100 nm PCM cell length, t trench is 50 nm depth of trench, t body is 50 nm thickness of GST layer, and θ is the variable tilted angle of the trench, which is investigated in this work. Because electrical characteristics of a PCM cell are related on the phase of GST whether its state is a crystalline state or an amorphous state, we apply the specific band structures of fully crystalline and amorphous GSTs, respectively. The fully crystalline GST has vacancies which can be regarded as acceptor-like traps. On the other hands, the fully amorphous GST consists of the tail of the absorption edge which is caused by the lone-pair located near the valence band edge. Amorphous GST has also donor-like traps and acceptor-like traps in order to represent the high density of donor/acceptor defect pairs (4). These differences of the two band structures characterize the electrical characteristics in the PCM cell.
Based on the structure, we build a model using TCAD simulation according to the variation of the tilted angle of the trench using Poisson's equation, continuity equation and heat equation (4) . In addition, for impact ionization, the Okuto-Crowell model is also adapted (5).
Results and Discussion
In order to make a standard for the electrical characteristic, we first simulate the PCM cell with vertical trench, which θ is set to be zero. According to given RESET programming current pulse and SET state itself, the I-V curve of the PCM cell is shown in Figure 2 . From the result, we check that the tendency of the I-V curve with given SET and RESET state is well-matched with previous existing researches (4-6), and find out that the threshold voltage of our PCM cell is almost 1.5 V. And then we select a region for the reading voltage from 0 mV to 350 mV as shown in Figure 3 . This region is enough low in voltage to avoid phase change during the reading operation, and it is characterized by an ohmic behavior. After inspecting that our designed modeling and simulation has consistency, we start to change the angle from 0˚ to 15˚ with a step of 5˚ with the same 50 nm diameter of the contact. Figure 4 represents the I-V curve in the ohmic region with SET and RESET state, which can be easily modeled as a linear function of the output current due to ohmic properties. From the results shown in Figure 4 , the larger tilted angle results in a higher slope with a lower resistivity. It indicates that the larger tilted angle beats more paths in GST for current flow from anode to the cathode. In crystalline GST, an additional extra GST region serves a lower resistivity instead of a SiN insulator. In the amorphous case, because the larger tiled angle disturbs the concentration of the local phase change by the programming pulse in the trench from crystalline to amorphous, the tendency of the slope of the I-V curves is decreased. We can also know that the magnitudes of the slopes of crystalline GST are bigger than these of amorphous GST on account of the s-shape of amorphous state. From multi-bit point of view, we simply say that the larger degree of tilted angle is more beneficial from the tendency of I-V curves. However, we do not ignore the problem not to fully heat the GST during the programming pulse due to leakage current. Therefore, we have to select a proper angle for the desired specifications of a multi-bit device.
In order to set the linear current model from Figure 4 , the first linear function of current versus voltage is adapted on each I-V curve according to the degree of the tilted angle. Then, we fix the average value of the y-intercept from each curve in order to tune to a desired starting point of the model and obtain the linear function of the current versus voltage on each angle in the crystalline and amorphous GST. Finally, we analyze the effect of the tilted angle in a PCM cell through modeling the slope change in the linear current model. Figure 5 shows the normalized slopes of the linear current models and line fittings versus the tilted angle. In the line fitting of crystalline and amorphous GSTs, SET and RESET states are decided by a linear fit and cubit fit, respectively. Operation of the RESET state is more complicated than that of the SET state because it is more dynamic at low voltage due to the difference of degree of phase changing by local heating according to the tilted angle and acceptor-like traps near the valence band of the GST. For these reasons, the RESET state is ruled by a nonlinear equation with respect to the tilted angle, and it is extrapolated using cubit fitting in this research. The following equations show the modeled current functions of simulated PCM with tilted angle of the trench: 
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In this paper, we investigated electrical characteristic by variation of the tilted angle in the trench structure on phase change memory operation using TCAD simulation. From the simulation results, the larger tilted angle caused a lower resistivity of the PCM cell and it was a modeled as linear current function of the variation of the tilted angle and applied voltage. The proposed model can be used to estimate the effect of a tilted angle in the trench structures. Finally, we suggested that the optimal angle was the largest degree as possible within the desired specification of the device for a multi-bit operation.
